I n t r o d u c t i o n
Neutron embrittlement o f reactor pressure vessel (RPV) s t e e l s i s a a l i m i t i n g f a c t o r i n t h e l i f e t i m e o f vessels o f today's nuclear power p l a n t reactors. Up t o now, the underlying mechanisms o f i r r a d i a t i o n damage have not been completeiy understood / 1 , 2/. However,
i t seems t o be generally accepted now t h a t t h e presence o f Cu i m p u r i t i e s most s t r o n g l y influences the i r r a d i a t i o n behaviour o f RPV steels. I t i s a l s o c l e a r t h a t i r r a d i a t i o n induced p r e c i p i t a t e s p l a y a dominant r o l e , but pure CG p r e c i a i t a t e s
are d e f i n i t e l y not formed /2-5/.
Therefore a l o t o f e f f o r t i s undertaken worldwide t o i d e n t i f y t h e p r o p e r t i e s and chemical composition o f such irradiation-induced
p r e c i p i t a t e s , which f i n a l l y could lead t c a more general ur~derstanding o f neutror: embrittlement.
Several microscopic experimental methods have been employed t o i n v e s t i g a t e neutron embrittlement processes, mostly small angle neutron s c a t t e r i n g (SANS) , atom probe f i e l d i o n microscopy (APFIM) , and transmission e l e c t r o n microscopy (TEM) -f o r reviews see refs. /2, 6 / .
With t h e development o f commercially a v a i l a b l e p o s i t r o n sources, such as 2 2~a , p o s i t r o n a n n i h i l a t i o n spectroscopy (PAS) techniques are being increasingly employed i n many f i e l d s o f technical i n t e r e s t among those are r a d i a t i o n damage i n RPV s t e e l s /7-10/ and f u s i o n reactor m a t e r i a l s /11/.
Physical background
C h a r a c t e r i s t i c s o f m a t e r i a l s such as strength and toughness are mainly caused by t h e m i c r o s t r u c t u r e o f t h e material. Therefore, generally the m i c r o s t r u c t u r a l constltuents e s s e n t i a l f o r t h e f r a c t u r e process are the p a r t i c l e s present i n t h e m a t r i x , l i k e i n c l u s i o n s and p r e c i p i t a t e s . Radiation damage can r e s u l t i n extreme changes o f t h e mechanical p r o p e r t i e s o f a m a t e r i a l and t h e r e f o r e i t s i d e n t i f i c a t ; on and c h a r a c t e r i z a t i o n i s o f main importance.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995116 PAS i s a powerful t o o l f o r t h e i n v e s t i g a t i o n o f d e f e c t s w i t h t h e e l e c t r o n d e n s i t y l e s s than average , vacancies and vacancy c l u s t e r s (voids) i n p a r t i c u l a r , and can g i v e a l s o u s e f u l i n f o r m a t i o n about p r e c i p i t a t e s /12, 13/. From t h e study o f metals i t i s known, t h a t monovacancies are detected w i t h i n a concentration range o f 0.1 -200 pprn, d i s l o c a t i o n s w i t h i n 1012 -1015 my2, and voids (diameter 4.5 nm) already from 2 x per atom. Voids i n metals can be detected by p o s i t r o n s up t o a s i z e t h a t corresponds t o t h e agglomeration o f about 50 monovacancies. This shows, t h a t by PAS t h e study o f m i c r o s t r u c t u r a l d e f e c t s i s p o s s i b l e which a r e n o t longer detected by TEM. I n t e r s t i t i a l atoms and s t a c k i n g f a u l t s are n o t seen by p o s i t r o n s . For c e r t a i n types o f i m p u r i t y atoms i t i s experimentally p o s s i b l e t o d i s t i n g u i s h free moncvacancies from vacancies bound t o i m p u r i t y atoms.
P o s i t r o n s p r a c t i c a l l y do n c t i n t e r a c t w i t h s i n g l e i m p u r i t y atoms i n a m a t r i x , whereas a1 ready sma'l c l u s t e r s o f i m p u r i t y atoms might be a t t r a c t i v e t o positrons. However, o n l y few experimental and t h e o r e t i c a l p o s i t r o n s t u d i e s regarding t h e c l u s t e r i n g o f s o l u t e atoms i n a l l o y s a r e known up t o now (see e.g. r e f s . /14, 15/ and references t h e r e i n ) . Positrons can be trapped by p r e c i p i t a t e s i f these have a p o s i t r o n a f f i n i t y A+ lower than t h e b u l k m a t e r i a l where they are embedded, and i f t h e p r e c i p i t a t e s a r e l a r g e r than a c e r t a i n c r i t i c a l s i z e /15/.
The knowledge o f p o s i t r o n a f f i n i t i e s o f the m a t r i x and t h e p r e c i p i t a t e s helps t o understand p o s i t r o n t r a p p i n g i n a l l o y s . This was demonstrated f o r t h e f i r s t t i m e i n r e f . / i 5 / f o r Zn p r e c i p i t a t e s i n t h e A1 m a t r i x . A p o s i t r o n w i l l be trapped by a p r e c i p i t a t e if t h e d i f f e r e n c e /\A+ o f the p o s i t r o n a f f i n i
t i e s o f t h e host and t h e p r e c i p i t a t e i s p o s i t i v e and the r a d i u s o f t h e p r e c i p i t a t e exceeds t h e c r i t i c a l r a d i u s r c given by /75/:
Yere ;\A+ 1s glver: i n eV and r c i s obtained i n nm (a s p h e r~c a l shape o f t h e p r e c i p i t a t e s i s assumed). I n case o f pure Zn p r e c i p i t a t e s i n t h e A1 l a t t i c e , t h e c r i t i c a l r a d i u s o f p r e c i p i t a t e s amounts t o 0.34 nm, i . e . t h e p r e c i p i t a t e s should c o n t a i n a t l e a s t 11 Zn atoms i n order t o t r a p a p o s i t r o n . I n Tab.1 c a l c u l a t e d p o s i t r o n a f f i n i t i e s /15/ f o r several elements from the P e r i o d i c Table are 1 P o s i t r o n a f f j n i t y A+ /eV/ f o r d i f f e r e n t elements o f t h e P e r i o d i c Table   The i n t e r a c t i o n of p o s i t r o n s w i t h m i c r o s t r t~c t u r a l l a t t i c e d e f e c t s can be described i n t h e frame o f t h e t r a p p i n g model /12, 13/. According t o t h e simple t r a p p i n g model
( r a t e equation approach /17/) t h e t r a p p i n g r a t e q o f p o s i t r o n s i n t o a c e r t a i n l a t t i c e d e f e c t , e.g. monovacancies and d i s l o c a t i o n s , i s given by:
where N i s t h e vclume concentratJon o f the defects and ?L means a constant which depends on t h e m a t e r i a l i n v e s t i g a t e d as w e l l as t h e type o f t h e d e f e c t s f o r t h i s m a t e r i a l .
P o s i t r o n t r a p p i n g i n t o d e f e c t s w i t h l a r g e r geometrical dimensions, e.g. voids and p r e c i p i t a t e s , i s a d i f f u s i o n l i m i t e d process and r e q u i r e s some m o d i f i c a t i o n o f t h e t r a p p i n g r a t e c a l c u l a t i o n according t o t h e geometrical shape o f t h e d e f e c t /17/. The t r a p p i n g r a t e q f o r a given concentration N o f d e f e c t s w i t h capture r a d i u s r may be w r i t t e n as:
0, means t h e p o s i t r o n d i f f u s i o n constant i n t h e corresponding m a t e r i a l . For an even d i s t r i b u t i o n o f t r a p p i n g centers t h e i r mean distance d may be c a l c u l a t e d from t h e i r concentrat:on N according to: I t should be p o i n t e d out, t h a t experimentally observed p o s i t r o n t r a p p i n g by a c e r t a i n k i n d o f d e f e c t can always be described i n t h e frame o f t h e t r a p p i n g model. However, i t i s not j u s t i f i e d t o conclude from a t r a p p i n g r a t e , which can 5e evaluated q u i t e f o r m a l l y f o r a given d i s t r i b u t i o n o f s o l u t e atom c l u s t e r s (which might have beer: estimated from another method), t h a t t h i s k i n d o f d e f e c t , created some way 5y i r r a d i a t i o n , i s r e a l l y able t o a t t r a c t and t r a p a p o s i t r o n . This can be decided on t h e b a s i s o f t h e p o s i t r o n a f f i n i t y A+ -as a m a t e r i a l s p r o p e r t y o f t h i s s o ? u t e atom
c l u s t e r -o n l y . 
I n o r d e r t o be able t o c a l c u l a t e t h e p o s i t r o n a f f i n i t y A+ o f a s o ? u t e aton c l u s t e r as w e l l as measurable p o s i t r o n a n n i h i l a t i o n c h a r a c t e r j s t i c s , e.g. t h e p o s i t r o n ? i f e t i m e , one has t o know t h e geometrical arrangement ( l a t t i c e s t r u c t u r e : o f atoms w i t h j n t h e c l u s t e r and i t s c o n f i g u r a t i o n i n t h e m a t r i x . Some assumptions about t h i s s t r u c t u r e have t o be made unless i t i s n o t known from o t h e r types o f experiments. I t should be

C1-146 JOURNAL DE PHYSIQUE I V mentioned, t h a t ? n many cases a p r e c i p~ t a t e ( s c l u t e atom c l u s t e r ) a t t r a c t s p o s t t r o n s due t o t h e presence o f m i s f i t d e f e c t s ( d i s l o c a t i o n , vacancies) o r more general a s t r a i n f i e l d around i t i n t h e m a t r i x . As mentioned abcve, a f i n a l d e c i s i o n about t h e t r a p p i n g o f p o s i t r o n s can o n l y be given on t h e b a s i s o f e l e c t r o n i c s t r u c t u r e c a l c u l a t i o n s r e s u l t i n g i n t h e p o s i t r o n a f f i n i t y A+ c h a r a c t e r i z i n g t h f s type o f
d e f e c t .
RPV s t e e l s may be regarded as an i r o n m a t r i x c c n t a i n i n g d e f e c t s t h a t a r e able t o t r a o p o s i t r o n s . The t y p i c a ; p c s i t r o n l i f e t i m e s f o r i r o n which are a'greed now i n t h e i n t e r n a t i o n a l 1 i t e r a t u r e t o c h a r a c t e r i z e t h e a n n i h i l a t i o n i n t h e d e f e c t -f ree b u l k , monovacancy, and d i s l o c a t i o n are 110 ps, 175 ps, and 165 ps, r e s p e c t i v e l y . Typical p o s i t r o n 1 i f e t i m e s f o r vacancy agglomerates i n i ron have been c a l c u l a t e d f o r severa:
configurat'ons / I S / and are presented i n Fig.: .
3. VVER RPV s t e e l s RPV s t e e l s o f the Russian type 15Kh2MFA (Cr-Mo-V stee:s) are used i n t h e VVER-440 type reactors, whereas t h e Russian t y p e 15Kh2NMFA (Ni-Cr-Mo-V s t e e l s ) i s used i n t h e VVER-1000 type reactors. Tables 2 and 3.   TABLE 2  Basic 
U n i r r a d i a t e d m a t e r i a l s
The u n i r r a d i a t e d s t a t e o f RPV s t e e l s type 15Kh2MFA i s determined by t h e i r production process, i . e . a u s t e n i t i z i n g a t 1000 OC /1 h/Ar w i t h o i l quenching f o l l o w e d by tempering a t 700 OC /10 h/Ar w i t h a i r cooling. Due t o t h i s heat treatment a m a r t e n s i t i d b a i n i t i c s t r u c t u r e i s expected. -vanadium-rich carbides (MC) have a squared-plate. shape w i t h an edge-to-thickness r a t i o o f 15.4. Their nucleation occurs during tempering, where a f t e r prolonged tempering treatments t h e i r shape changes t o roughly spherical. They are a t l e a s t p a r t i a l l y coherent up t o 10-15 nm size. Their d i s t r i b u t i o n i s rather even, but g r a i n boundary carbides tend t o coarsen p r e f e r e n t i a l l y a t t h e expense o f t h e m a t r i x carbides a f t e r prolonged tempering. Their mean diameter i s about 16 nm and t h e i r concentration equals about 2200 ~m -~.
Assuming a carbon content o f 0.16 wt.-% it can be found t h a t about 27 X o f t h e carbon i s bound w i t h i n these carbides, whereas the remaining about 73 % o f the carbon i s bound w i t h i n t h e m a r t e n s i t i c / b a i n i t i c s t r u c t u r e /21/.
To have an opinion on p o s i t r o n t r a p p i n g i n d i s l o c a t i o~s and known p r e c i p i t a t e s according t o t h e production process we have t o compare t h e i r trapping r a t e q w i t h the bulk a n n i h i l a t i o n r a t e o f positrons i n pure i r o n . From eq. ( 2 ) we o b t a i n w i t h fid = 1 x m2s-I /17/ f o r d i s l o c a t i o n s : Assuming t h e i n t e r f a c e between t h e matrix and a spherical p r e c i p i t a t e t o t r a p positrons we can use eqs. ( 3 ) and ( 4 ) t o evaluate the trapping r a t e q f o r p r e c i p i t a t e s . Using D,
= 1 x mzs-' f o r i r o n /'2/ we obtain-f o r chromium-rich carbides (M7C3, M23C6): I n case o f vanadium-rich carbides (MC) we obtain:
The lower l i m i t r e s u l t s from t h e assumption o f spherical p r e c -p i t a t e s w i t h a diameter o f 16 nm. The upper 1 i m i t i s t o be expected about three t:!r,es t h i s va?ue because t h e surface o f squared p l a t e s w i t h t h e c i t e d dimensions i s about three times l a r g e r than
t h a t o f a sphere w i t h equal volume. The a n n i h i l a t i o n rate f 3 i n t h e bulk o f i r o n equals: kb = zb-1 = 9 x 109 s-' ( 8 ) From a comparison o f t h e trapping r a t e s (5-7) w i t h t9e bu:k a n n i h i l a t i o n r a t e ( 8 ) can be concluded t h a t i n t h e u n i r r a d i a t e d s t a t e o f these s t e e l s chromium-rich carbides (M7C3, MZ3C6) represent no s i g n i f i c a n t p o s i t r o n traps. A d i s l c c a t i o n density o f the c i t e d order would mean more o r less s a t u r a t i o n trapping i f no other defects w i t h l a r g e r trapping cross sections are present. MC carbides seem t o represent such traps. The experimentally observed annea7ing behaviour of the u n i r r a d i a t e d RPV s t e e l s /21/ (a t y p i c a l curve i s shown i n Fig.2) can be explained by a change i n t h e i r shape from p l a t e l i k e towards s p e r i c a l up t o a temperature o f 320-350 OC thus decreasing t h e e f f e c t
i v e number of p o s i t r o n traps. Above t h i s temperature the permanent increase o f t h e mean p o s i t r o n l i f e t i m e p o i n t s t o t h e coarsening o f MC carbides thereby again increasing t h e e f f e c t i v e number o f p o s i t r o n traps. This conclusion i s supported by recent positron a f f i n i t y c a l c u l a t i o n s f o r MC carbides /22, 23/.
From these c a l c u l a t i o n s i t became furthermore c l e a r t h a t indeed t h e m i s f i t defects a t t h e p a r t i c l e / m a t r i x i n t e r f a c e p l a y the dominant r o l e i n t h e t r a p p i n g process.
I r r a d i a t e d m a t e r i a l s According t o combined p o s i t r o n l i f e t i m e and Doppler broadening measurements /21/
t h e r e i s no evidence of t h e formation o f voids, i . e . agglomerates o f a c e r t a i n number o f vacancies, i n t h e Russian RPV s t e e l s t y p e 15Kh2MFA, i f t h e i r r a d i a t i o n takes p l a c e above 480 K, t h e highest temperature found f o r t h e break-up of carbon-vacancy p a i r s i n i r o n /24, 2 5 / . T y p i c a l isochronal annealing curves are shown i n Fig.2 
m-2 a-irradiated a = 7 . 0~1 0~~ m-2 I n t h e i i t e r a t u r e /26, 27,' irradiation-enhanced Cu p r e c i p i t a t e s and s o l u t e coated microvoids are thought t o be major d e f e c t types responsible f o r strengthening and hence e i n b r i t t l i n g o f RPV s t e e l s . I n c o n t r a s t t o t h i s , from numerous annealing s t u d i e s on d i f f e r e n t l y i r r a c ' i a t e d i c a t e t i a l s /21/ here t h e i r r a d i a t i o n -i n d u c e d p r e c i p i t a t e s , i . e . probably carbides, were suggested t o p l a y t h i s r o l e . S i m i l a r p o s i t r o n s t u d i e s of Russian t y p e 15Kh2NMFA RPV s t e e l s r e s u l t e d i n t h e same conclusions /28/. For t h e f i r s t time, t h e existence o f :rradiation-induced d e f e c t s formed i n RPV s t e e l s type 15Kh2MFA and 15Kh2NMFA, r-espectively, was c1ear:y demonstrated by SANS /29] and a c h a r a c t e r i s a t i o n o f these d e f e c t s was given. The d e f e c t s t r u c t u r e s formed p a r t l y c c~r r e l a t e w i t h t h e chemical composition of t h e s t e e l s . Some more d e t a i l e d considerations /30/ were presented i n order t o compare t h e SANS r e s u l t s /29/ w i t h t h e suggestions from the p o s i t r o n a n n i h i l a t i o n r e s u l t s /21, 28/. I t was shown t h a t t h e idea from p o s i t r o n a n n i h i l a t i o n , namely t h e i n t e r p r e t a t i o n o f t h e i r r a d i a t i o n -i n d u c e d p r e c i p i t a t e s as carbides, i s n e i t h e r c o n t r a d i c t e d nor conf i rmed by t h e SANS r e s u l t s . However, i t has been shown l a t e r /31/ t h a t t h e volume f r a c t i o n o f these p r e c i p i t a t e s c o r r e l a t e s w i t h t h e d u c t i l e -t o -b r i t t l e t r a n s i t i o n temperature o f t h e m a t e r i a l s , a very im2ortant mechanical m a t e r i a l property.
An e x t e n s i v e d i s c u s s i o n /23/ o f t h e r e c e n t p o s i t r o n a f f i n i t y r e s u l t s /22/ f o r several c a r b i d e , n i t r i d e and Cu p r e c i p i t a t e s i n Fe has shown t h a t such t y p e o f t h e o r e t i c a l work i s h i g h l y necessary f o r an improved a n a l y s i s and understanding o f p o s i t r o n a n n i h i l a t i o n s t u d i e s o f model a l l o y s and RPV s t e e l s . I n p a r t i c u l a r , f o r Fe-Cu a l l o y s i t seems t h a t t h e p r e c i p i t a t i o n o f Cu atoms i n t h e Fe m a t r i x i s n o t detected by p o s i t r o n s due t o t h e a f f i n i t y d i f f e r e n c e between Fe and Cu b u t probably due t o t h e mismatch a t t h e p r e c i p i t a t e / m a t r i x i n t e r f a c e . By f a r , r e g a r d i n g t h e i d e n t i f i c a t i o n o f i r r a d i a t i o n -i n d u c e d p r e c i p i t a t e s i n RPV s t e e l s t h e number o f p o s s i b i l i t i e s i s n o t exhausted, b u t a l r e a d y t h e cases considered p o i n t o u t t h e importance o f t h e p r e c i p i t a t e / m a t r i x i n t e r f a c e which should gain more a t t e n t i o n i n f u t u r e s t u d i e s .
A d i r e c t e s t i m a t i o n o f t h e chemical composition o f t h e i r r a d i a t i o n -i n d u c e d
p r e c i p i t a t e s i n t h e Russian t y p e RPV s t e e l s by APFIM i s underway and f i r s t r e s u l t s c o u l d a l r e a d y be presented f o r t h e study o f u n i r r a d i a t e d m a t e r i a l s /32/.
A p a r a l l e ? search i s performed by anomalous small angle X-ray s c a t t e r i n g (ASAXS) and a f i r s t e v a l u a t i o n o f experimental data revealed t h e presence o f vanadium atoms i n t h e i r r a d i a t i o n -i n d u c e d p r e c i p i t a t e s a t a valence s t a t e t h a t supports t h e idea o f c a r b i d e f o r m a t i o n /33/.
Summary
The s p e c i f i c s o f PAS t o study r a d i a t i o n damage have been o u t l ' n e d and a p p l i e d t o t h e study o f Russian VVER t y p e RPV s t e e l s . I t has beel: t r i e d t o i n t e r p r e t PAS r e s u l t s i n terms o f t h e ideas from t h e l i t e r a t u r e , namejy t h e f~r m a t l o n o f i r r a d i a t i o n -e n h a n c e d copper-p r e c i p i t a t e s and be we'l described and understood i n two-phase s y s t e m , where t h e volume f r a c t 3 o n o f p a r t i c l e s i s l e s s t5an 70 % and t h e s i z e o f p a r t i c l e s n o t mare than a few hund:-ed xinometer (see r e f . / 3 4 / and references t h e r e i n ) . Fro% these c o n s i d e r a t i o n s i t becomes c -e a r t h a t f o r more compiicated systems, l i k e RPV s t e e l s i n c l u d i n g nanometers i z e d p a r t i c T e s , i t w i l l be very d i f f i c u 7 t t o evaluate t h e i n t e r a c t i o n between these p a r t
From these s t u d i e s t h e f o r m a t i o n o f i r r a d i a t i o n -i n d u c e d p r e c i p i t a t e s , ?.e. probably carbides: was concluded as a working hypothesis. Several r e s u l t s o f complementary experimental and t h e o r e t i c a l s t u d i e s were c i t e d and seem t o support t h i s idea. L i k e i n Russian t y p e VVER RPV s t e e l s , no i n d i c a t i o n o f v o i d f o r m a t i o n i n Western t y p e RPV s t e e l s due t o i r r a d i a t i o n a t t h e working temperature
i c l e s and d i s l o c a t i o n s w i t h o u t having very d e t a i i e d !nformations about t h e p r o p e r t i e s o f t h e p r e c i p i takes.
Recent1 y , c o n s i d e r a t i o n s have been pub1 ished r e g a r d i n g t h e mechanism o f v o i d nucleatior, a t a M23C6/t~.-Fe i n t e r f a c e due t c l I n t e r f a c i a l d i s l o c a t i o n s /35/, which may be a base f o r a b e t t e r bnderstanding o f "AS d a t a i n RPV s t e e l s . The f i n a l aim o f any e v a l u a t i o n shou'd be t h e q u a n t i t a t i v e e x p l a n a t i o n o f changes :n t h e mechanical p r o p e r t i e s o f RPV s t e e l s known as neutron e m b t i t t l e m e n t . On t h e o t h e r h a~d i t would be good t o understand t h e f o r m a t i o n process o f these p r e c i p i t a t e s , e s p e c i a l l y t h e r o l e o f copper, i n more d e t a i l i n o r d e r t o e v a l u a t e t h e i r f o r m a t i o n and ? n f l u e n c e as a f u n c t i o n o f t h e chemistry o f t h e RPV s t e e l s f o r given i r 
